Homologous recombination is central to repair DNA double-strand breaks (DSB), either 21 accidently arising in mitotic cells or in a programed manner at meiosis. Crossovers 22 resulting from the repair of meiotic breaks are essential for proper chromosome 23 segregation and increase genetic diversity of the progeny. However, mechanisms 24 regulating CO formation remain elusive. Here, we identified through protein-protein 25 interaction and genetic screens FIDGETIN-LIKE-1 INTERACTING PROTEIN (FLIP) as a 26 new partner of the previously characterized anti-crossover factor FIDGETIN-LIKE-1 27 (FIGL1) in Arabidopsis thaliana. We showed that FLIP limits meiotic crossover together 28 with FIGL1. Further, FLIP and FIGL1 form a protein complex conserved from 29 Arabidopsis to Human. FIGL1 interacts with the recombinases RAD51 and DMC1, the 30 enzymes that catalyze the DNA stand exchange step of homologous recombination.
FLIP and FIGL1 orthologs, the origin of this complex is probably quite ancient at the root 143 of the eukaryotic tree suggesting that absence of FLIP/FIGL1 in eukaryotic species is 144 due to independent gene loss events.
146
A genetic screen identified FLIP as an anti-CO factor 147 In parallel, FLIP was also recovered in a genetic screen aiming at identifying meiotic 148 anti-CO factors that previously uncovered FIGL1. Using fertility (fruit length) as a proxy 149 for CO formation, we screened for ethyl methane sulfonate-generated mutations that 150 restored COs in class I CO deficient mutants (zmm). As COs provide a physical link 151 between pairs of chromosomes (bivalents), mutation of an anti-CO factor is expected to 152 restore bivalent formation in CO-deficient mutants, thus improving balanced 153 chromosome segregation and fertility 22 . This genetic screen, led to the identification of 154 several anti-CO factors, defining three pathways that limit COs in Arabidopsis:(i) The 155 FANCM helicase and its cofactors 22, 23 ; (ii) The AAA-ATPase FIDGETIN-LIKE-1 156 (FIGL1) 10 ; (iii) The RECQ4 helicase-Topoisomerase 3α-RMI1 complex 24, 25 . Here, we 157 isolated an additional suppressor of hei10, one of the zmm mutants that are deficient in 158 class I CO 40 . This suppressor, hei10(S)320 showed longer fruit length compared to 159 hei10 and bivalent formation was restored to an average of 3.7 bivalents per cell 160 compared to 1.5 in hei10, and 5 in wild type (Figure 3 ), suggesting a partial restoration 161 of CO formation. Whole genome sequencing and genetic mapping of hei10(S)320, 162 defined a genetic interval containing five putative causal mutations. One of them 163 resulted in a stop codon in the gene AT1G04650, which encodes FLIP (flip-1 164 W305>STOP). An independent mutation in FLIP (T-DNA Salk 037387/ flip-2)), was also 165 9 able to restore bivalent formation in hei10 (Figure 3 ). Further, flip-1/flip-2 hei10 exhibited 166 restored bivalent (Figure 3) , demonstrating that flip-1 and flip-2 are allelic and that 167 mutations in FLIP are causal for the restoration of bivalents in hei10. The flip-1 mutation 168 was also able to restore bivalent formation in msh5 (Figure 3) , another essential gene of 169 the class I CO pathway, suggesting that effect of the flip mutation is not specific to hei10 170 but allows the formation COs in the absence of the class I pathway. was significantly increased in four intervals out of six tested, in the range of +15% to 179 +40% compared to wild type (Figure 4 ). This increase in CO frequency due to loss of 180 FLIP is consistent with the restoration of bivalent formation in zmm mutants, and implies 181 that FLIP limits COs during meiosis in wild type. FLIP physically interacts with FIGL1 182 (see above), suggesting that they can act together to limit COs. We therefore compared 183 recombination in flip-1, figl1-1 and the double mutant by tetrad analysis. On the four 184 intervals tested, figl1-1 showed an average of ~70% CO increase compared to wild type, 185 corroborating previous findings (Figure 4 ), which is significantly higher than flip-1.
186
Combining flip-1 and figl1-1 mutations, did not lead to a further increase in 187 recombination suggesting that FIGL1 and FLIP act in the same pathway to negatively 188 regulate CO formation ( Figure 4 ). However, FIGL1 may be partially active in absence of 189 FLIP as flip-1 increases CO frequency to a lesser extent than figl1-1. 190 191 FLIP limits class II CO 192 We next explored the origin of extra COs in flip. In the flip spo11-1 double mutant, 193 bivalent were completely abolished and 10 univalents were observed at metaphase I,
194
( Figure 3B) , showing that all COs in flip-1 are dependent on SPO11-1 induced DSBs.
195
Two classes of CO exist in Arabidopsis: class I CO are dependent on ZMM proteins and 196 are subjected to interference, while class II are insensitive to interference and involve 197 structure specific endonucleases including MUS81 21 . The flip-1 mutation restored CO 198 formation in two zmm mutants, hei10 and msh5 (see above). Further, tetrad analysis of 199 three pairs of intervals showed reduced interference in flip-1 compared to wild type 200 ( Figure 5A ). Finally, we examined meiosis in flip-1 mus81 double mutant. The flip-1 201 mus81 double mutant exhibited chromosome fragmentation at anaphase I, which is not 202 observed in either single mutant ( Figure 5B ). This suggests that MUS81 is required for 203 repair of recombination intermediates formed in flip-1. Altogether, the extra COs 204 produced in flip-1 appeared to be dependent on the Class II pathway, as previously 205 shown for figl1. Based on genetic and physical interactions between FIGL1 and FLIP, we next 209 hypothesized that FLIP might regulate dynamics of DMC1 during meiosis, as previously 210 shown for FIGL1 10 . In wild-type Arabidopsis, DMC1 foci first appear at zygotene and 211 gradually all disappear at pachytene. In contrast, DMC1 foci persist in a fraction of 212 pachytene cells in flip1-1 ( Figure 6A and 6B).This shows that the dynamics of DMC1 foci 213 is modified in absence of FLIP, like in absence of FIGL1. Persistent DMC1 foci may 214 represent unrepaired DSBs that are eventually repaired, as no chromosome 215 fragmentation was observed at anaphase I ( Figure 5B ) in flip-1 mutant.
216
One known positive regulator of DMC1 in plants is SDS, a meiosis-specific cyclin-like 217 protein 42,43 . In absence of SDS, DMC1 foci do not form, synapsis and CO are abolished, 218 but DSBs are formed and repaired presumably using the sister as template 42, 43 . We 219 previously showed that mutation in FIGL1 restores DMC1 foci formation, synapsis, and indirectly. In addition, it was shown that human FIGNL1 interacts with human RAD51 233 through its FIGNL1's RAD51 binding domain (FRBD) 31 . Hence, we set out to examine 234 whether Arabidopsis and human FIGL1 and FLIP interact with RAD51 and DMC1, using 235 Y2H assays. Consistent with published data, the Y2H assay showed an interaction 236 12 between the FRBD domain of human FIGNL1 and RAD51 ( Figure 8A ). Similarly, we 237 detected an interaction between Arabidopsis FIGL1 and RAD51, mediated by the 238 predicted FRBD domain ( Figure 8B ). In addition, we observed a strong interaction 239 between Arabidopsis FIGL1 and DMC1 as well as between the FRBD domain of the 240 human FIGNL1 and DMC1 ( Figure 8 ). This shows that FIGL1 can interact with both 241 RAD51 and DMC1 and that these interactions are conserved in plants and mammals.
242
Next, we tested interaction between FLIP and the two recombinases, with both plant and 243 human proteins. Human FLIP interacted with DMC1, suggesting that FLIP could 244 reinforce the interaction of the FIGL1-FLIP complex with DMC1. However, our Y2H 245 assay did not reveal any interaction between Arabidopsis FLIP1 and DMC1. Altogether, 246 our data argues that the FIGL1-FLIP complex could directly interact with RAD51 and 247 DMC1. Here, we identified by two different approaches FLIP as a new factor that genetically and 252 physically interact with FIGL1 10 and regulates meiotic recombination. We showed that (i) interacts with DMC1 and RAD51. 269 We showed that FLIP1 and FIGL1 act together to limit meiotic CO in Arabidopsis, but 270 the increase in CO frequency is lower in flip than in figl1 (~30% and ~70% increase 271 compared to wild type, respectively). This difference in CO frequency could be attributed 272 to the catalytic activity of the complex being supported by FIGL1. We suggest that FLIP 273 14 could only be partially required for FIGL1 enzymatic functions in vivo, acting as a co-274 factor or reinforcing the affinity and/or the specificity of the interaction of the FIGL1/FLIP 275 complex with the target. In our assay, human FLIP interacted with DMC1, suggesting 276 that FLIP could indeed function to facilitate FIGL1 activity towards DMC1. We could not 277 detect an interaction between FLIP and RAD51, but we cannot rule out the possibility 278 that FLIP facilitates also interaction of the complex with RAD51. Indeed, several lines of 279 evidence suggest that FLIP could act in conjunction with FIGL1 in its role in somatic HR Ascomycetes). In those species, the RAD51/DMC1 activity might be regulated 291 independently of FIGL1/FLIP1. Species with a FLIP ortholog also systematically have a 292 FIGL1, but the reverse is not true, several species/clades having FIGL1 but no 293 detectable FLIP orthologs. This is consistent with our experimental data that argue for 294 FIGL1 being the core activity of the complex and FLIP as a dispensable factor for FIGL1 295 activity. While RAD51 appears to be universally conserved, DMC1 is absent in a number 296 of species ( Figure 2 ). Moreover, we could not find any correlation between 297 presence/absence of FIGL1 or FLIP with DMC1. Some species have DMC1 but no 298 FIGL1/FLIP (e.g many fungi)), while others have DMC1 and FIGL1 but not FLIP (e;g 299 some nematodes), or FIGL1 and FLIP without DMC1 (e.g Chrophyta). Altogether, our 300 phylogenic analysis supports that neither FIGL1 nor FLIP are specific to DMC1, and that 301 the FIGL1-FLIP complex can regulate the activity of both RAD51 and DMC1. The FIGL1 302 complex may also have additional functions unrelated to HR 46 . 303 We suggest that FIGL1 and FLIP could limit strand invasion mediated by RAD51 and 304 DMC1 ( Figure 9 ). How the lack of this function could lead to an increase in the 305 frequency of meiotic CO as observed in flip and figl1? One possible explanation is that 306 the absence of FLIP and FIGL1 changes the equilibrium between invasions on inter-307 sister versus inter-homolog, leading to the formation of higher numbers of inter-308 homologs joint molecule and eventually more COs. However, DSBs and presumably 309 inter-homologous joint molecules are already in large excess to COs in wild type 21 , 310 making hard to believe that a simple increase in their number would increase CO 311 frequency. Another non-exclusive possibility is that lack of the FLIP / FIGL1 activity 312 generates aberrant recombination intermediates through either multi-invasions or 313 invasion of both ends of a break. The result that the structure specific nuclease MUS81 314 becomes essential for completion of repair in figl1 and flip1, suggest that indeed some 315 novel class of intermediates arise in these mutants. Thus, we favor the hypothesis that 316 in absence of FLIP and FIGL1 aberrant joint molecules such as multi-chromatid joint 317 molecules 47,48 are formed and need structure specific endonuclease to be resolved, 318 leading to increased COs. Therefore, the function of FLIP/FIGL1 in wild type context 319 16 could prevent formation of aberrant recombination intermediates by functioning as 320 quality control of strand invasion.
321
In conclusion, we uncovered a conserved FLIP-FIGL1 complex that directly binds to 322 RAD51/DMC1 and could negatively regulate strand invasion during homologous average of the two reciprocals is depicted on the graph ( Figure 4A ).
380
Cloning:
381
Cloning of the FIGL1 open reading frame (ORF) is described in 10 . The AtFLIP ORF 382 was amplified using gene-specific primer (Table S4) Detection of a DMC1 ortholog was considered correct when one of the 6 DMC1 genes 427 was spotted out as best hit with an alignment score at least 10% higher than that of the 428 second best hit, supporting its significantly higher similarity to DMC1 than to RAD51.
429
The same strategy was followed to assign RAD51 orthologs. Table   641 S1. test. Raw data are presented in Table S3 . Table S1 . C. Arabidopsis FLIP-FIGL1 interact using yeast two hybrid assay. Schematic representation of full length and truncated proteins. Position of the truncation and the known domain are indicated. The two protein of interest are fused with GAL4 DNA binding domain (BD) and with GAL4 activation domain (AD), respectively. Diploid strains are selected on medium lacking LW amino acids. Protein interactions were observed by selecting diploids grown on medium stringency media lacking LWH or in high stringency medium lacking LWHA. Controls empty AD and BD vector are shown. Serial dilutions are indicated in the order 1, 10, 100, 1000. Combinations of fusion proteins not tested are indicated as not determined (n.d). D. Humans FLIP-FIGL1 interact in yeast two hybrid assay. Legend as in C. Table S3 . A. Interference ratio is the ratio of the genetic size in an interval with CO in an adjacent interval divided by the genetic size of the same interval without CO in the adjacent interval. This ratio provides an estimate of the strength of CO interference. IR close to 0 means strong interference; Interference ratio =1 (purple line) indicates that interference is absent. The test of absence of interference is shown in purple (n.s p > 0.05 ; ** p < 0.01 ; *** p < 0.001). Comparison of Interference data between the genotypes wild type and mutants is indicated in black (n.s p > 0.05 ; * p < 0.05 ** p < 0.01 ; *** p < 0.001). B. DAPI staining of Chromosome spreads of male meiocytes at metaphase I and anaphase I. FRBD 1 10 -1 10 -2 10 -3 10 -4 1 10 -1 10 -2 10 -3 10 -4 1 10 -1 10 -2 10 -3 10 -4 1 10 -1 10 -2 10 -3 10 -4 Figure 8 Figure 8. The FIGL1-FLIP complex interact with RAD51 and DMC1 in yeast two hybrid assays A. The FRBD domain of hFIGNL1 interacts with both human RAD51 and DMC1, while hFLIP was found to interact with only DMC1. Schematic representation of full length and truncated proteins used in this interaction assays. Serial dilutions (1 to 10 -3 ) of diploid strains expressing different fusion proteins were tested for interaction by plating on minimal media lacking different amino acids (SD-LW, SD-LWH and SD-LWHA). B. The FRBD domain of Arabidopsis FIGL1 interacts with both RAD51 and DMC1. No interaction of Arabidopsis FLIP and RAD51 as well as DMC1 were detected in yeast two hybrid assays. Full-length and truncated protein used in assay are schematically represented. Serial dilutions of diploids were tested on selection media, as mention above. 
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